Background: Signals from anterior endodermal cells that express the homeobox gene Hex initiate development of the most rostral tissues of the mouse embryo. The dorsal/anterior endoderm of the Xenopus gastrula, which expresses Hex and the putative head-inducing gene cerberus, is proposed to be equivalent to the mouse anterior endoderm. Here, we report the origin and signalling properties of this population of cells in the early Xenopus embryo.
Background
Mechanisms that establish the initial anteroposterior axis of the vertebrate embryo have been studied for over a century. Traditional views assert that midline mesendodermal tissues, which arise during gastrulation, specify the most rostral aspects of early embryos. Recent studies in the mouse suggest, however, that anterior patterning precedes gastrulation and originates in an extraembryonic lineage, the anterior visceral endoderm [1] . Expression studies, gene targeting strategies and chimaeric embryo analyses with genes such as Otx2, Lim1 and nodal [2] [3] [4] demonstrate unequivocally the importance of the anterior visceral endoderm in anterior patterning. The earliest anteroposterior asymmetry in the mouse is seen by the expression of the homeobox gene Hex, which is first detected in the primitive endoderm at the distalmost tip of the egg cylinder and is then displaced to the presumptive anterior side [5] .
Although genetic studies in mice and heterotopic grafting between rabbit and chick embryos [6] have demonstrated a role for the anterior visceral endoderm in anterior patterning, it is not known whether a similar signalling system operates in other vertebrates. In Xenopus, the putative head inducer cerberus is expressed initially in deep endodermal cells adjacent to the involuting tissues of Spemann's organiser [7] . Is this tissue the equivalent of the anterior visceral endoderm in the early mouse and rabbit embryo?
Here, we have addressed this question by analysing the expression and function of XHex, the Xenopus cognate of murine Hex (also known as Prh) [8, 9] . In early gastrulae, expression of XHex is similar to that of cerberus; this led us to investigate the origin and signalling properties of this deep endoderm population of cells. Our studies reveal the unexpected origin of cells fated to populate the anterior endoderm in Xenopus, and suggest that similar mechanisms of anteroposterior patterning occur throughout the vertebrates.
Results

Early expression of XHex
In whole-mount preparations of late blastula (stage 9) Xenopus embryos, XHex transcripts were detected in cells situated at the centre of the floor of the blastocoel, but not deeper in the vegetal hemisphere (Figure 1a-d) . A detailed analysis of this phase of XHex expression was carried out by fixing embryos at hourly intervals (Figure 1e-g ), and this revealed that transcripts first accumulated at mid-blastula stage 8, when they were present throughout the animal hemisphere, including the blastocoel floor (Figure 1e) . Analysis of XHex expression on sectioned embryos highlighted the fact that XHex transcripts could be detected in the floor of the blastocoel before gastrulation although, in sections, XHex transcripts appeared slightly more widespread than when detected by the whole-mount procedures (Figure 1i ). Nevertheless, in situ hybridisation using sectioned embryos confirmed that expression of XHex occurred throughout the animal hemisphere, and was not an artefact of 'trapping' of the in situ hybridisation reaction product. These experiments also showed that, in some embryos, XHex expression could be detected in the animal hemisphere but not in the floor of the blastocoel, suggesting that animal pole expression might precede that occurring in the blastocoel floor (Figure 1h ). After this initial low-level activation of XHex expression (see Figure 2a) , ectodermal expression declined, and was undetectable by the late blastula stage (Figure 1g,j) , whereas vegetal expression persisted. In late blastulae (stage 9), transcripts were also detected in a small population of dorsal superficial cells that probably correspond to suprablastoporal endoderm [10] (Figure 1a ,f; see arrowheads in Figure 1a ). This superficial expression became more pronounced on formation of the dorsal blastopore lip (Figure 1k ), but was transient and could not be detected by early gastrula stage 10.5 (Figure 2b-e) . We observed a similar transient activation of cerberus, whose expression pattern is similar to, albeit slightly broader than, that of XHex (see Figure 1l ,2f).
XHex transcript levels peaked during early gastrula stages [8] (Figure 2a (e) XHex expression began throughout the animal hemisphere of midblastulae (stage 8; 7.5 h post fertilisation). (f) Later, XHex transcript levels declined in the ectoderm (stage 9; 8.5 h post fertilisation), and (g) by the early gastrula stage (stage 10; 10 h post fertilisation), ectodermal expression was undetectable. In (e-g), the embryos were bisected manually after the in situ hybridisation procedure. (h) The ectodermal expression of XHex at stage 8 was confirmed by in situ hybridisation to sectioned embryos. In this example, the vegetal expression of XHex was absent, suggesting that ectodermal expression preceded expression in the blastocoel floor. (i,j) In situ hybridisation to sectioned embryos at (i) stage 9 and (j) stage 9.5 showing XHex expression in (i) the blastocoel floor and more vegetally located endoderm and later in (j) presumptive dorsal endoderm. (k,l) Transcripts of (k) XHex and (l) cerberus were detected in two domains in early gastrulae (stage 10). Cells of the blastocoel floor and a second domain of superficial cells at the blastopore lip expressed both genes. In (k,l), the specimens were cleared to allow visualisation of cells within the embryo.
to the dorsal side of the embryo. At stage 10.5, transcripts were detected in a wedge-shaped domain extending from the dorsal blastopore lip to the floor of the blastocoel (Figure 2c) . A sagittal section (Figure 2d ,e) revealed that XHex transcripts were restricted to deep endodermal cells, and were excluded from the previously superficial involuting mesendoderm immediately adjacent to the dorsal blastopore lip. Our localisation of XHex transcripts during late blastula and gastrula stages is consistent with that recently reported [9] . The significance of the earlier transient expression is not known at present, but is under investigation.
Migration of XHex-expressing cells
The unexpected identification of XHex-expressing cells in the floor of the blastocoel prompted us to investigate the behaviour of these cells. To address their fate, we marked a small population of the cells with DiI ( Figure 3a ) and allowed labelled embryos to develop to gastrula stages, when they were fixed, bisected and analysed using fluorescence microscopy. When analysed at early gastrula stages (stage 10.5), the labelled embryos were still recovering from the manipulations and were therefore somewhat distorted. Nevertheless, labelled cells were always positioned on the dorsal side of the embryo, above the blastopore lip, in a region fated to become anterior endoderm (Figure 3b ). At later gastrula stages (stage 11-11.5), when the embryos had recovered from surgery and exhibited a normal morphology, the labelled cells were always seen immediately adjacent to the ventrally displaced blastocoel, where they underlay the ectoderm (n = 33; Figure 3c 
Activation of XHex expression
XHex is already known to affect vascular development but, here, we investigated its initial function with emphasis on the signalling properties of the presumptive anterior endoderm after it contacts the ectoderm during gastrulation. The dorsoanterior endoderm that expresses XHex also expresses cerberus, which encodes a putative signalling molecule implicated in the induction of head structures [7] (Figure 2f ). We therefore wished to investigate whether XHex expression was associated with formation of anterior head structures. To achieve this initially, we induced secondary axis formation in Xenopus embryos by ventral injections of RNA encoding β-catenin, which induces complete secondary axes [11] (Figure 4a ), or a truncated bone morphogenetic protein (BMP) receptor [12, 13] or noggin [14] , which induce only partial secondary axes lacking anterior head structures ( Figure 4d ).
Injected embryos were assayed by in situ hybridisation during early gastrula stages. Ectopic XHex expression was detected when complete anterior development was induced by injection of β-catenin, and the transcripts were localised mainly in the endoderm layer (Figure 4b ,c). No ectopic XHex transcripts were detected when secondary axes lacked anterior structures following injection of a truncated BMP receptor (Figure 4e ,f) or noggin (data not shown). These observations are consistent with those reported by Zorn and colleagues [9] . Our results assayed by in situ hybridisation emphasise that induction of XHex in response to β-catenin appears to be endoderm specific. XHex is not induced in isolated animal caps by levels of β-catenin that are sufficient to induce Siamois (C.M.J., unpublished observations) [11, 15] .
UV-irradiated Xenopus embryos do not form an organiser and are completely ventralised [16] . If XHex expression is regulated like most other 'organiser-specific' transcripts, its expression should be eliminated in ventralised embryos and restored by injection of RNAs that rescue dorsoanterior development. Nevertheless, XHex transcripts, like those of cerberus [17] , were detected at nearnormal levels following UV ventralisation (Figure 4g ). Furthermore, we assayed the movement of centrally located cells of UV-treated embryos between blastula and gastrula stages. Figure 3g ,h demonstrates that these cells did not move from their original central location during these stages of development. These observations are consistent with the fact that UV-ventralised embryos do not gastrulate normally and develop with a persistent blastocoel [18] , suggesting that dorsoanterior movement of XHex-expressing cells requires the formation and associated movements of the dorsal mesoderm.
When analysed by in situ hybridisation, XHex and cerberus transcripts were both detected throughout the vegetal hemisphere of embryos irradiated with UV radiation (data not shown). This contrasts with the localisation of Siamois and Xnr3 in ventralised embryos, both of which are detected only within cortical cells following UV treatment [17] . Therefore, regulation of XHex and cerberus expression might differ from that of other dorsally expressed genes such as Siamois and Xnr3.
We tested this idea by compromising organiser-inducing signals by injecting a dominant-negative XTcf-3 construct (∆N-Tcf-3); XTcf-3 is a nuclear DNA-binding partner of β-catenin, and an effector of organiser induction [19] .
When this construct was injected at the two-cell stage or dorsally at the four-cell stage, 67% of embryos developed without a recognisable anteroposterior axis (n = 58). When embryos from the same experiment were analysed for XHex expression at stage 10, 54% retained detectable expression, whereas 46% had no detectable XHex expression (n = 46).
Similar results have been reported by Zorn and colleagues, who suggest that maternal β-catenin signals are one component of the signals required for XHex expression [9] .
Signalling properties of XHex-expressing cells
The expression of XHex in dorsoanterior endoderm and its induction in response to complete axial duplication led us to ask what signalling properties are associated with this endodermal cell population. Previous implantation experiments using the Einsteck procedure concluded that dorsoanterior endoderm lacks axis-inducing activity [7] , but a recombination assay revealed that the same tissue, derived from mid to late gastrulae, induces cement gland [20, 21] . We used a similar recombination assay (Figure 5a ) to test the signalling properties of presumptive anterior endoderm derived from earlier stages. This tissue was juxtaposed with gastrula-staged ectoderm, the first tissue it normally contacts during gastrulation [22] . Ventral endoderm was used in the same assay as a control and expression of the gene for myosin light chain (MLC) was monitored to ensure that endodermal explants were not contaminated with dorsal mesoderm. Consistent with previous reports, recombinants between dorsal endoderm and ectoderm from early gastrulae formed cement glands, an anterior ectodermal tissue, in 56% of cases (n = 16; Figure 5b ). These recombinants expressed CG13, a cement-gland-specific marker, but did not activate neural cell adhesion molecule (NCAM; Figure 5f ). Cement glands were not formed, and CG13 was not expressed, in recombinants between ventral endoderm and ectoderm (Figure 5c,f) . Our studies of late blastulae (Figure 3 ) defined the central region of the vegetal hemisphere as presumptive anterior endoderm. We therefore tested the signalling properties of this earlier-staged tissue. When XHex-expressing endoderm from the central region of late blastulae was combined with gastrula ectoderm, cement glands were induced (44%, n = 30; Figure 5d ) as was expression of CG13 ( Figure  5f ). Such explants also expressed MLC, representing a response to the mesoderm-inducing activity of the vegetal hemisphere, but activation of NCAM was not observed (Figure 5f ). This experiment therefore reveals the combined effects of a mesoderm-inducing signal derived from the vegetal hemisphere and an anteriorising signal derived from the presumptive anterior endoderm. Control ventral endoderm recombinants never formed cement glands (n = 16; Figure 5c ) and did not express CG13 (Figure 5f ). When XHex was expressed on the ventral side of the embryo, however, isolated ventral endoderm acquired anterior character; recombinants formed cement glands ( Figure 5e ) and expressed CG13 (Figure 5g ).
Although XHex-expressing endoderm could impart anterior character to overlying ectoderm, we found that the ectoderm did not become neural, as it expressed neither NCAM nor Otx2 (Figure 5f ). In this respect, the inductive properties of the dorsoanterior endoderm (which expresses XHex and cerberus) contrasts with the effects of overexpressing cerberus in prospective ectoderm, which causes neural differentiation [7] . We conclude that dorsoanterior endoderm can impart anterior character to responding ectoderm, independent of neural differentiation, and that this signalling property can be effected by XHex activity.
To analyse further the effects of XHex, the gene was expressed by RNA injection throughout the ventral half of Xenopus embryos. The embryos were bisected into presumptive dorsal and ventral halves at the early gastrula stage and assayed for marker gene expression using RT-PCR. XHex-injected ventral half-embryos expressed elevated levels of Otx2 and activated expression of goosecoid, both of which are markers of the organiser (Figure 6a ). In addition, cerberus was expressed (Figure 6a and [9] ). Isolated ventral marginal zone regions of XHex-injected embryos also activated Otx2 and goosecoid expression, and the upregulation of these genes was accompanied, as would be predicted [23] , by a decline in Xbra expression (Figure 6a ). Levels of Xwnt8 were unchanged. Ectopic activation of cerberus, a deep endoderm marker, was not observed in XHexexpressing ventral mesoderm (Figure 6a ). This failure of XHex to induce cerberus in ventral marginal zone tissue was studied in more detail by in situ hybridisation (Figure 6b-e) . XHex RNA, together with the lineage marker fluorescein-lysine-dextran (FLD), was injected into ventral blastomeres of Xenopus embryos at the 4-16 cell stage and cerberus expression was analysed at the early gastrula stage. Ectopic expression of cerberus did occur in response to XHex (Figure 6b-e) , but only in the endodermal germ layer (Figure 6d,e) . In some embryos, the ectopic cerberus domain appeared to be an exact mirror image of the endogenous expression (Figure 6d,e) . Additional experiments revealed that ectopic expression of cerberus did not induce XHex (Figure 6f ), suggesting that XHex functions upstream of cerberus, and that ectopic expression of XHex causes downregulation of Xbra (Figure 6g ).
Although ventral injection of XHex RNA efficiently induced expression of cerberus, only one such embryo (n > 263) went on to form an additional head. The ectopic structures in this case included axial mesoderm and, in this respect, the embryo differed from those injected with cerberus RNA; the heads of cerberus-injected embryos form in the absence of axial mesodermal derivatives [7] . The inability of XHex to induce additional heads, together with the observation that ectopic cerberus levels in XHexinjected embryos resembled endogenous levels ( Figure  6d ,e), suggests that ventral expression of normal levels of cerberus is not sufficient to induce head structures. We note, however, that localised expression of XHex did result in suppression of Xbra (Figure 6g ), an effect that is observed after ectopic cerberus expression [7] .
Discussion
Previous studies using mouse, rabbit and frog systems have implicated the anterior endoderm as a source of signals that specify anterior identity within the early embryo [24] . Microinjection experiments in Xenopus using molecules such as cerberus, which is expressed in the presumptive anterior endoderm, have further suggested that the tissue has head-inducing ability [7] . We have demonstrated that the anterior endoderm in Xenopus derives in part from cells that were originally located in a central region of the blastula. By early gastrula stages, the presumptive anterior endoderm were found in the deep endodermal cells adjacent to the involuting tissues of Spemann's organiser. These cells expressed XHex (Figures 1,2 ; [9] ), which we show endows the endoderm with anterior signalling properties. We have characterised the inducing activity of the presumptive anterior endoderm by combining it with gastrula-stage ectoderm. This endodermal tissue had the ability to confer anterior character to the overlying ectoderm as judged by the development of cement glands. We note, however, that this 'anteriorisation' did not include the induction of neural tissue or of muscle or goosecoid expression (Figure 5f and C.M.J., unpublished observations) and, in this respect, the inducing activity of the presumptive anterior endoderm differs from that of the Nieuwkoop centre. These observations contrast with results obtained when cerberus is overexpressed in ectodermal explants, which results in the ectoderm becoming neuralised. This neural induction is probably because of the ability of cerberus to bind and inhibit endogenous BMP signals [25] . Nevertheless the relevance in vivo of this result is unclear, because cerberus was expressed endogenously in the endoderm of our recombinants and neural induction did not occur. Similarly, ventral misexpression of XHex did not induce ectopic head structures, despite the induction in the endoderm of apparently normal levels of cerberus. Our results are more consistent with the observation that cerberus-expressing tissue has no axis-inducing ability when tested by implantation [7] .
Grafting studies between rabbit anterior visceral endoderm and chick embryo hosts have shown that the rabbit anterior visceral endoderm has anterior inducing abilities [6] . Unlike the presumptive anterior endoderm in our assays, however, the rabbit anterior visceral endoderm did induce neural tissue in the chick host. It will be of interest to discover the nature of these differences or if they simply reflect a difference in the assays between species.
Conclusions
Our experiments show that the presumptive anterior endoderm of Xenopus, which derives in part from cells at the centre of the floor of the blastocoel, imparts an anterior character to overlying ectoderm. This 'anteriorisation' is independent of neural differentiation. The unexpected origin of this signalling centre was revealed by expression of XHex, and XHex was able to endow the endoderm with anterior signalling properties. Signals from the involuting organiser (which also expressed XHex, albeit transiently) may subsequently act on this anteriorised tissue to elaborate the differentiation of well-defined head structures. This scheme is reminiscent of the role of the anterior visceral endoderm in the mouse, which is required for anterior development of the embryo before signals from node-derived tissue serve to maintain and embellish anterior pattern [1] . The anterior movement of Hex-expressing cells in both Xenopus and mouse embryos suggests that this mechanism for positioning presumptive anterior endoderm adjacent to the ectoderm is a conserved feature of vertebrate development. Finally, we suggest that the ability of anterior endoderm to establish anterior identity without inducing head structures might be similar to the well-characterised terminal systems in Drosophila [26] .
Materials and methods
Embryonic manipulations
Fertilisation, culture and microinjection of Xenopus embryos were as described [27] . Embryos were staged according to Nieuwkoop and Faber [28] .
Cloning of XHex
A full-length XHex cDNA was isolated from an early gastrula cDNA library constructed in Lambda ZAPII [29] , using a probe that included the 5′ region of mouse Hex [5] and that lacked the homeodomain. Sequencing revealed that the cDNA was identical to the XHex sequences reported previously [8] .
Plasmid constructs and in vitro transcription
Capped synthetic RNA for injection was prepared from a plasmid in which the XHex cDNA was cloned either into a Bluescript vector or into a modified version of pSP64T [30] . Identical results were obtained with each construct.
RNA preparation, RNase protection and RT-PCR
These were performed as described [31] . An XHex RNase protection probe comprising 250 5′ nucleotides was produced by PCR. RT-PCR primers are as described in the Xenopus Molecular Marker Resource (see Supplementary material).
In situ hybridisation and lineage tracing
Whole-mount in situ hybridisation was performed as described [32] except that BM purple was used as substrate and RNase treatment was omitted. Embryos were often left in substrate for more than 48 h, which allowed penetration of the substrate into deep endodermal tissues. The localisation of XHex transcripts in blastulae and gastrulae was confirmed by in situ hybridisation to sectioned embryos. The cerberus probe was as described [7] and the XHex probe was prepared from the entire cDNA. Both probes were hydrolysed to an average size of 200-300 bp by limited alkaline hydrolysis before use. The lineage label fluorescein-lysine-dextran was revealed using an anti-fluorescein antibody as described [27] .
Supplementary material
Supplementary material consisting of the RT-PCR primers and a longer exposure of Figure 5f is available at http://currentbiology.com/supmat/supmatin.htm.
